Abstract-We find that the asymptotic bit-error probability (BEP), pb, of a convolutionally coded code-division multipleaccess (CDMA) system in a frequency-selective Rayleigh-fading channel depends on the length of the shortest error event path and the product of symbol distances (to be defined later) along that path. Based on this observation, we propose a new spreading scheme that maximizes the length of the shortest error event path. It is shown that the proposed scheme yields an improvement of 1.0-1.3 dB at pb = over the conventional convo~utionally coded CDMA system, and even a higher improvement can be achieved as the required BEP is decreased.
1.
ECENTLY, there has been increased interest in the R use of direct-sequence code-division multiple-access (DSKDMA) for wireless communication systems. DS/CDMA has the advantages of inherent diversity to multipath and increased user capacity [l]. In DSKDMA systems, an error correcting code is virtually always employed to obtain acceptable performance, because the multiple access interference causes the transmitted signal to be received erroneously. In particular, convolutional (or trellis) codes with Viterbi decoding have been extensively applied to DSKDMA systems [2]- [5] .
Recent conspicuous studies for convolutionally (or trellis) coded CDMA systems have been accomplished by Boudreau [4] , Woerner [5] , and Miller [6] . Boudreau has proposed a system model that allows one to apply both trellis codes employing an M-ary phase shift keying (MPSK) signal constellation and a pseudo noise (PN) spreading sequence to the data symbols to be transmitted. He has compared the performances of trellis coded and convolutionally coded DSKDMA schemes, and has shown that the latter outperforms the former in both additive white Gaussian noise (AWGN) and Rician fading channel. On the other hand, Woerner has proposed a trellis coded scheme that is constructed over a biorthogonal set of spreading sequences, and has shown that the proposed scheme outperforms the convolutionally coded scheme in AWGN channel. Miller has considered the design of rate 1/n trellis codes with M-ary ( M = 2") orthogonal signal constellations and analized their performance by using a transfer function. In these analyzes, however, they used the standard convolutional codes that have been optimally designed for AWGN channels (i.e., optimal in the sense of maximal Hamming free distance), and made no attempt to optimize the spreading scheme in fading channel.
In this paper, we present a simple expression for the asymptotic bit-error probability (BEP) of the convolutionally coded CDMA (CC-CDMA) system in a frequency-selective Rayleigh-fading channel, assuming that an ideal interleaving is used. Furthermore, we assume that the coherent RAKE receiver is used and that the receiver is capable of perfect carrier recovery (coherent reception), acquisition, and tracking. Coherent reception can be accomplished by using a pilot signal. This technique is adopted on the forward link of the IS-95 standard and on both forward and reverse links of broadband CDMA system [7] . Under these assumptions, we show that the asymptotic BEP depends on two factors: the length of the shortest error event path and the product of symbol distances (to be defined later) along that path. Based on this observation, we propose a new spreading scheme for CC-CDMA communication which maximizes the length of the shortest error event path. It is found that this scheme is also optimal for the AWGN channel, because it maximizes the free distance.
SYSTEM AND CHANNEL MODEL
We assume that there are K active transmitters, each employing a set of M spreading sequences of length N that spans one code symbol. For transmitter j , each interleaved code symbol is added modulo-2 with one of the M spreading sequences {c:, ci, e . . , ch}, and then multiplied by a carrier (BPSK modulated) as shown in Fig. 1 . The spreading sequence being added is determined by the code symbols. With conventional CC-CDMA [5] M is one. We will show in Section IV that a performance improvement can be made by using more than one spreading sequence.
We assume each transmitted signal experiences a frequencyselective Rayleigh fading and a delay of +, j = 1,2, . . . , K .
The following assumptions are made regarding the characteristics of the fading channel: 1) channel response is due to wide-sense-stationary uncorrelated-scattering (WSSUS); 2) 3) coherence time of the channel is sufficiently slow so that the channel response h(r; t ) remains constant over several bits and can be measured by the receiver. The low-pass equivalent impulse response h3 ( 7 ; t ) of the fading channel at time t for transmitter J is commonly modeled by a truncated tapped delay line with a tap spacing of T,
where T is the duration of a code symbol, and ,8!,% and Q:,% are the tap gain and the phase associated with a path of delay ZT,, respectively. We assume that the tap gains are independent Rayleigh random variables, and the tap phases are independent and uniformly distributed over [0,27r] . The number of resolvable multipath components, LD, is given by
We assume that the signal-to-noise ratios (SNR's) of the different resolved paths decrease exponentially with increasing path delay, that is
where
Our receiver model, shown in Fig. 2 , is similar to that of [5] , except the use of a RAKE receiver instead of a correlator receiver, because we consider a frequency-selective Rayleighfading channel. We assume that each RAKE receiver has LI, taps and perfectly knows the fading amplitudes and phases of the multipaths by using a pilot signal [lo] . In Fig. 2 
PERFORMANCE ANALYSIS
In this section, we analyze the BEP Pb of the CC-CDMA system in a frequency-selective Rayleigh-fading channel. An upper-bound on P b can be obtained using the union bound [ 111
where k is the number of information bits per trellis branch, C is the set of error paths, Wp,p is the number of bit errors involved in choosing an incorrect path p instead of the correct path p, and P ( p -+ p) is the probability of selecting an incorrect path p instead of the correct path p.
Let p be the path which diverges from the correct path p and remerges after J branches. Then the Chernoff bound on painvise error probability for transmitter j , conditioned on the fading amplitude and phase vector, denoted -,B3 and eJ, 
IV. PROPOSED CC-CDMA SYSTEM AND NUMERICAL RESULTS The main idea of our proposed CC-CDMA scheme 1539 is to expand the size M of the spreading sequence set and thereby to maximize L. Clearly, the maximum of L is achieved if distinct spreading sequences are used for each trellis branch, and the maximum of L is nJ,, where J , is the number of branches of the error event path having the minimum number of branches. This would, however, require 2vSk RAKE receivers, where v is the memory size of convolutional encoder. In this paper, we propose a new CC-CDMA (NCC-CDMA) scheme which maximizes L with M = 2, while d; is kept unchanged.
A sequence of n code symbols in each branch,
, is divided into n/2 groups, each consisting of two code symbols. We assume n is even. For transmitter j , we assign a pair of spreading sequences to each group as shown in Table I , where we have dropped the superscript j for the simplicity of notation. Then, this rule guarantees that the number of symbols having nonzero symbol distance (i.e., d: # 0) between any two groups is two. Table I1 shows the generators that maximize L when this mapping rule is applied. Notice that the L obtained is equal to nJ,, the maximal length of the shortest error event path. These generators are identical to those that maximize dfree [15] , except the position of some generators. For example, for the convolutional code having rate r = 1/4 and memory size v = 4, the standard generators that maximize dfree are 25, 27, 33, 37 while the generators that maximize L and dfree are 25, 33, 27, 37. The reason for exchanging 27 and 33 is to avoid the case of d: = 0 and thereby to increase L. For example, suppose that the code symbols in a correct trellis branch and those in an incorrect trellis branch are 11 11 and 11-1-1, respectively. Then after assigning a pair of spreading sequences as indicated in Table I , we will get L = 2 for this particular branch. However, L can be increased to 4 by exchanging the second and the third code symbol (by exchanging the corresponding generators), and thereby making the assigned spreading sequences to be clclclcl and C Z -C~C~-C~, respectively. Notice that exchanging the position of code symbols does not change df,,,. Here, one must'be careful in exchanging the generators not to make the length of an error event with J ( > J s ) branches be less than nJ,.
With our scheme, the product of symbol distances, dg, along the shortest error event path is , c2)(4 -d(c1, C Z ) ) }~, where a + 2b = L.
(10) We can show from (10) that d i is maximized when d(c1, cz) = 2, i.e., c1 and c2 are orthogonal.
As an example, consider a rate 112, four-state convolutional code with trellis diagram illustrated in Fig. 3(a) . The trellis diagrams for conventional CC-CDMA (CCC-CDMA) and NCC-CDMA schemes are illustrated in Fig. 3(b) and (c). The asymptotic BEP Pb with CCC-CDMA scheme can be evaluated via (8) whereas the asymptotic Pb with NCC-CDMA scheme is Notice that d: are the same (i.e., 45) for both schemes, but L is six with NCC-CDMA whereas L is five with CCC-CDMA. Table I11 shows that the NCC-CDMA scheme yields a larger L than the CCC-CDMA does, while d:'s are identical for both schemes. This indicates that, for high SNR, NCC-CDMA scheme yields a lower BEP than CCC-CDMA scheme does. Furthermore, the free distance dFree h-min, (EzEV d:) with NCC-CDMA is equal to that with CCC-CDMA which is designed to yield the maximal free distance, and thus the proposed scheme is also optimal for AWGN channel. outperforms the conventional CDMA scheme. The Monte Carlo simulations show that an improvement of 1.0-1.3 dB can be attained at Pb = lop5 for v between five and seven and LD between one and three, and even a higher improvement can be achieved as the required BER is decreased. Notice that for frequency-nonselective Rayleigh-fading channel, which corresponds to L D = 1 case, the performance improvememt is 1.3 dB at Pb = 10F5 for ti between five and seven. We found that the performance improvement calculated from the upper bound is about 0.1-0.3 dB higher than simulations. and a similar improvement in capacity can be attained for other BER requirements.
V. CONCLUSION
We found that the asymptotic BEP of the convolutionally coded CDMA system depends on the length of the shortest error event path and the product of symbol distances along that path. Based on this observation, we have proposed a new spreading scheme that maximizes the length of the shortest error event path.
It is found that the new spreading scheme yields an improvement of 1.0-1.3 dB at Pb = over the conventional CDMA scheme, and even a higher improvement can be Commun., vol. 35, pp. 1309 -1319 , Dec. 1987 new spreading scheme is able to accommodate 56% more users than the conventional CDMA scheme at Pb = IOp5 for code rate T = 1/2, encoder memory size w = 7, and Eg/No = 9 dB.
